We investigate the annealing environment effect on ZrO 2 -based resistive random-access memory (RRAM) devices. Fabricated devices exhibited conventional bipolar-switching memory properties. In particular, the vacuum-annealed ZrO 2 films exhibited larger crystallinity and grain size, denser film, and a relatively small quantity of oxygen vacancies compared with the films annealed in air and N 2 . These led to a decrease in the leakage current and an increase in the resistance ratio of the high-resistance state (HRS)/low-resistance state (LRS) and successfully improved non-volatile memory properties, such as endurance and retention characteristics. The HRS and LRS values were found to last for 10 4 s without any significant degradation.
Introduction
Memory cells are critical for electronic devices. Such devices include radio frequency identification devices, sensors, and next-generation display applications that are able to store signals. Due to the limitations of conventional memory devices, such as flash memory devices, resistive random-access memory (RRAM)-consisting of an active layer and two electrodes-is considered a promising approach that can be used to overcome such limitations. Advantages include low-power operation, a simple structure, and strong endurance and retention [1] [2] [3] . Moreover, promising candidate active materials for RRAMs include organic materials, metal oxides, and carbon-based materials [4] [5] [6] [7] [8] [9] . Among these materials, metal oxides have the advantages of a large band-gap for fully transparent memory devices, chemical stability, and conventional CMOS-process-compatible properties. Recently, ZrO 2 dielectric materials have been employed to increase field-effect mobility by improving the interface quality [10] [11] [12] . To fabricate a single RRAM array, the selector (e.g., a thin-film transistor or diode) is required to solve the sneak path issue. A ZrO 2 layer can be used for both the gate insulator of the thin-film transistor and the main material for the RRAM, thus reducing the product cost. To reduce the production cost, recently, solution process techniques have been used to fabricate RRAM devices. Solution processing-based devices offer the advantages of low cost, simplicity, and compatibility with a spin-coating and printing system. For the realization of large and high-capacity memory arrays based on a single RRAM, a large high-resistance state (HRS)/low-resistance state (LRS) ratio is crucial [13, 14] . In this study, the chemical and electrical properties of sol-gel-processed ZrO 2 resistive memory were analyzed to determine the impact of varying annealing environment conditions. Compared with a RRAM consisting of ZrO 2 layers annealed in air, the devices fabricated in this study, consisting of an annealed ZrO 2 layer in a vacuum, demonstrated an improved HRS/LRS ratio and endured over 10 2 cycles with no significant degradation. Moreover, the device retained the HRS/LRS ratio for 10 4 seconds.
Materials and Methods
To form an Ag/ZrO 2 /ITO sandwich structure, the ZrO 2 layers were prepared using a sol-gel deposition method. A total of 0.001 mol of Zr(C 5 H 7 O 2 ) 4 was dissolved in 9.9 mL of ethanol to obtain a clear solution. Following this, 0.1 mL of ethanolamine was added as a stabilizer. The prepared solution was ultrasonicated for 1 hour to disperse the Zr precursor, thus obtaining a clear solution. Commercial indium tin oxide (ITO)-deposited glasses, used as the bottom electrode (BE), were ultrasonically cleaned with acetone and deionized water for 10 minutes, respectively. A UV/O3 cleaning process was then conducted for 10 minutes to remove surface contaminants. The prepared precursor solution was deposited on an ITO-glass through a spin-coating process (3000 rpm for 50 s) and immediately placed on a hot plate at 300 • C for 5 minutes in air to evaporate the solvent. Multiple processes were carried out to manipulate the insulator thickness (~50 nm). The soft baked samples were annealed in air, a vacuum, and flowing N 2 ambience at 500 • C for 2 hours, respectively. The pressure inside the tube furnace was maintained under 0.1 MPa in vacuum conditions, and N 2 gas was flowed into the tube at a rate of 3.0 L/min. Finally, 100 nm of Ag was deposited on a solid ZrO 2 layer using an e-beam evaporator at a rate of 0.2 Å/s as a top electrode (TE) (60 µm × 60 µm) with a metal shadow mask. The bass pressure of the evaporator chamber was 4.7×10 -7 Torr.
The structural characteristics and phase were confirmed using grazing incidence X-ray diffraction (GIXRD) (X'pert Pro) with Cu Kα radiation at a wavelength of 1.54 Å and a small incident angle (0.3 • ). The densification of the films was confirmed by X-ray reflectometry (XRR). A scanning probe microscope (SPM) (Park NX20, tapping mode) was employed to observe the surface morphology. X-ray photoelectron spectroscopy (XPS: Quantera SXM) was conducted to investigate the chemical compositions. The electrical characteristics of the devices were measured in air using an Agilent 4155 semiconductor parameter analyzer at room temperature.
Results and Discussion
The GIXRD spectra of the sol-gel-processed ZrO 2 layers were interpreted using the JCPDS database (811550). Figure 1a shows the GIXRD spectra from different annealing conditions: air, vacuum, and N 2 . The peaks of all three devices matched well with the ZrO 2 peaks, implying that these devices have a ZrO 2 polycrystalline cubic structure. The diffraction peaks at 31.16 • , 34.96 • , 50.27 • , and 59.74 • correspond to the (111), (200), (220), and (311) crystal planes. The intensity of (111) in the XRD diffraction patterns of ZrO 2 films was favored, regardless of the annealing environment. The full width at half-maximum (FWHM) of a GIXRD peak is known to be closely related to the crystallite size. The crystalline size was calculated using the Scherrer equation, D = kλ/βcos(θ), where λ is the X-ray wavelength (nm), θ is the Bragg angle, β is the width of the line at the half-maximum intensity, and k is a geometric factor (= 0.9). According to the Scherrer equation, the estimated crystalline sizes were 10.6, 12.7, and 4.2 nm for the (111) phase of ZrO 2 films annealing in air, a vacuum, and N 2 , respectively. The ZrO 2 film annealed in a vacuum exhibited the greatest size, and the N 2 -annealed film demonstrated a relatively small crystalline size [15] . Figure 1b presents the XRR curves of the annealed ZrO 2 corresponding to different annealing ambiences. It can be seen that the critical angles were 0.31 • (in air), 0.32 • (in a vacuum), and 0.31 • (in N 2 ). Based on Buydens' method, the densities of the ZrO 2 films were calculated as 5.08, 5.39, and 5.02 g/cm 3 . The obtained thicknesses of the ZrO 2 were 52.6, 53.1, and 61.5 nm [16] . The chemical composition of ZrO2 films annealed under different environment conditions was determined by XPS, where the O compositions were evaluated by assessing the O 1s spectra in Figure 3a -c. The O 1s peak consists of three peaks, which occur at 530.0, 531.4, and 532.2 eV. The peak at 530.0 eV represents the oxygen ions (O 2-) (OLattice) combined with metal cations in ZrO2. The peak at 531.4 eV represents the oxygen vacancy (OVacancy) in the structure. The peak at 532.2 eV represents the hydroxyl groups (-OH). Figure 3d shows the relative contents of the OLattice, OVacancy, and -OH of ZrO2 films annealed in air, a vacuum, and N2, respectively. The ZrO2 films annealed in vacuum showed a relatively small quantity of oxygen vacancies. Figure 3d shows the relative contents of the OLattice, OVacancy, and -OH of ZrO2 films annealed in air, a vacuum, and N2, respectively. The ZrO2 films annealed in vacuum showed a relatively small quantity of oxygen vacancies. The chemical composition of ZrO 2 films annealed under different environment conditions was determined by XPS, where the O compositions were evaluated by assessing the O 1 s spectra in Figure 3a -c. The O 1s peak consists of three peaks, which occur at 530.0, 531.4, and 532.2 eV. The peak at 530.0 eV represents the oxygen ions (O 2− ) (O Lattice ) combined with metal cations in ZrO 2 . The peak at 531.4 eV represents the oxygen vacancy (O Vacancy ) in the structure. The peak at 532.2 eV represents the hydroxyl groups (-OH). Figure 3d shows the relative contents of the O Lattice , O Vacancy , and -OH of ZrO 2 films annealed in air, a vacuum, and N 2 , respectively. The ZrO 2 films annealed in vacuum showed a relatively small quantity of oxygen vacancies. The I-V curves of the three samples (with a current compliance (CC) of 1 A) are shown in Figure 4a ,b. The fabricated devices demonstrated a bipolar-mode RRAM switching property. It is well known that Ag/ZrO2/ITO RRAM is the representative electrochemical metallization RRAM (ECM RRAM). Ag cations are much more diffusive than oxygen vacancies. During a SET process with a positive voltage bias on the top electrodes (TE), the ionized Ag cations penetrated through the ZrO2 insulator layer to the bottom electrodes (ITO), forming a conductive bridge and thus moving to an LRS. Reversely, during a RESET process with a negative voltage bias on TE, the Ag cations moved back to TE. The conductive bridge no longer connected the bottom electrodes and the current decreased abruptly, creating a HRS [8, 9] .
Compared with the air and N2-annealed device, the vacuum-annealed device exhibited a lower off-current in the HRS. The HRS/LRS values of the air and N2-annealed devices were ~10 2 , and those of the vacuum-annealed devices were ~10 3 . As a result, the HRS/LRS ratio was 33 times greater than the RRAM, which consisted of ZrO2 layers annealed in air and N2. In particular, we could increase the HRS by approximately 10 times due to the decreased current leakage. The annealing process in a vacuum permitted the formation of denser films and high oxidation states with a small number of oxygen vacancies in ZrO2 films with a low leakage current [17] . Figure 4c,d shows the distribution of the representative parameters, such as the HRS, LRS, SET voltage, and RESET voltages. In particular, the N2-annealed ZrO2 RRAM exhibited a relatively smooth SET and RESET. Multilevel storage capability can be successfully obtained [7, 18] . More investigation is needed.
As already mentioned, during the LRS, the current flowed through a metallic bridge, known as the conductive filament. The current flowed through a finite resistance layer. This is in accordance with the Ohmic current mechanism. Figure 5a presents the I-V curves in the LRS. The fabricated devices followed the linearity of the Ohmic current mechanism: The I-V curves of the three samples (with a current compliance (CC) of 1 A) are shown in Figure 4a ,b. The fabricated devices demonstrated a bipolar-mode RRAM switching property. It is well known that Ag/ZrO 2 /ITO RRAM is the representative electrochemical metallization RRAM (ECM RRAM). Ag cations are much more diffusive than oxygen vacancies. During a SET process with a positive voltage bias on the top electrodes (TE), the ionized Ag cations penetrated through the ZrO 2 insulator layer to the bottom electrodes (ITO), forming a conductive bridge and thus moving to an LRS. Reversely, during a RESET process with a negative voltage bias on TE, the Ag cations moved back to TE. The conductive bridge no longer connected the bottom electrodes and the current decreased abruptly, creating a HRS [8, 9] .
Compared with the air and N 2 -annealed device, the vacuum-annealed device exhibited a lower off-current in the HRS. The HRS/LRS values of the air and N 2 -annealed devices were~10 2 , and those of the vacuum-annealed devices were~10 3 . As a result, the HRS/LRS ratio was 33 times greater than the RRAM, which consisted of ZrO 2 layers annealed in air and N 2 . In particular, we could increase the HRS by approximately 10 times due to the decreased current leakage. The annealing process in a vacuum permitted the formation of denser films and high oxidation states with a small number of oxygen vacancies in ZrO 2 films with a low leakage current [17] . Figure 4c,d shows the distribution of the representative parameters, such as the HRS, LRS, SET voltage, and RESET voltages. In particular, the N 2 -annealed ZrO 2 RRAM exhibited a relatively smooth SET and RESET. Multilevel storage capability can be successfully obtained [7, 18] . More investigation is needed.
As already mentioned, during the LRS, the current flowed through a metallic bridge, known as the conductive filament. The current flowed through a finite resistance layer. This is in accordance with the Ohmic current mechanism. Figure 5a presents the I-V curves in the LRS. The fabricated devices followed the linearity of the Ohmic current mechanism:
where q is the electric charge, n 0 is the carrier density, µ is the carrier mobility, and d is the thickness of the resistive switching layer. 
where q is the electric charge, n0 is the carrier density, μ is the carrier mobility, and d is the thickness of the resistive switching layer. In a HRS, Poole-Frenkel transport was the main mechanism. The defects or oxygen vacancies in the ZrO2 layer acted as traps. When trapped electrons were thermally excited, they were able to move over the traps' potential, and the current could thus flow even though the filament was disconnected. This was confirmed by the linear fitting of the ln(J/E) vs. E 0.5 curve:
where q is the electric charge, μ is the electronic drift mobility, NC is the density of states in the conduction band, E is the applied electric field, ∅T is the depth of the trap potential well, and εd is the dielectric constant for ZrO2 [19] . In a HRS, Poole-Frenkel transport was the main mechanism. The defects or oxygen vacancies in the ZrO 2 layer acted as traps. When trapped electrons were thermally excited, they were able to move over the traps' potential, and the current could thus flow even though the filament was disconnected. This was confirmed by the linear fitting of the ln(J/E) vs. E 0.5 curve:
where q is the electric charge, µ is the electronic drift mobility, N C is the density of states in the conduction band, E is the applied electric field, ∅ T is the depth of the trap potential well, and ε d is the dielectric constant for ZrO 2 [19] . The endurance and retention properties of the fabricated RRAM devices were then measured. The tested RRAM devices consisted of a 500 • C annealed ZrO 2 active layer in a vacuum, demonstrating a high HRS/LRS ratio. The resistance values of the HRS and LRS were obtained at +0.2 V, following programming (+7.0 V) and erasing (−14.0 V) for 50 ms. The measured resistance values of the HRS and LRS were found to last for 10 4 s without any significant deterioration, and for up to 100 continuous program/erase cycles with a resistive window of~10 3 , as shown in Figure 6 . The fabricated Ag/ZrO 2 /ITO devices exhibited a larger HRS/LRS ratio [20] and improved retention characteristics compared with other RRAM devices consisting of ZrO 2 layers [21] . In our case, the metal crystallization process is a critical rule to form the conductive filament. Thus, high-quality dielectric layers and interface are required to improve HRS/LRS, and non-volatile memory properties such as endurance and retention properties. The vacuum-annealed ZrO 2 films exhibited larger crystallinity and grain size, and denser film, and showed a relatively small quantity of oxygen vacancies. The vacuum annealing process helped to meet these requirements. The endurance and retention properties of the fabricated RRAM devices were then measured. The tested RRAM devices consisted of a 500 °C annealed ZrO2 active layer in a vacuum, demonstrating a high HRS/LRS ratio. The resistance values of the HRS and LRS were obtained at +0.2 V, following programming (+7.0 V) and erasing (−14.0 V) for 50 ms. The measured resistance values of the HRS and LRS were found to last for 10 4 s without any significant deterioration, and for up to 100 continuous program/erase cycles with a resistive window of ~10 3 , as shown in Figure 6 . The fabricated Ag/ZrO2/ITO devices exhibited a larger HRS/LRS ratio [20] and improved retention characteristics compared with other RRAM devices consisting of ZrO2 layers [21] . In our case, the metal crystallization process is a critical rule to form the conductive filament. Thus, high-quality dielectric layers and interface are required to improve HRS/LRS, and non-volatile memory properties such as endurance and retention properties. The vacuum-annealed ZrO2 films exhibited larger crystallinity and grain size, and denser film, and showed a relatively small quantity of oxygen vacancies. The vacuum annealing process helped to meet these requirements. 
Conclusions
We investigated the annealing environment effect on ZrO2-based RRAM devices. The fabricated devices exhibited conventional bipolar-switching memory properties. In particular, the vacuum-annealed ZrO2 films exhibited larger crystallinity and grain size and denser film and showed a relatively small quantity of oxygen vacancies compared with the films annealed in air and 
We investigated the annealing environment effect on ZrO 2 -based RRAM devices. The fabricated devices exhibited conventional bipolar-switching memory properties. In particular, the vacuumannealed ZrO 2 films exhibited larger crystallinity and grain size and denser film and showed a relatively small quantity of oxygen vacancies compared with the films annealed in air and N 2 . These led to a decrease in the leakage current and an increase in the resistance ratio of the HRS/ LRS and successfully improved the non-volatile memory properties, such as endurance and retention characteristics. The HRS and LRS values were found to last for 10 4 s without any significant degradation.
